The dependence of the gravity wave spectra of energy and momentum flux on the horizontal 2 resolution and time step of atmospheric general circulation models (AGCMs) has been 3 thoroughly investigated in the past. In contrast, much less attention has been given to the 4 dependence of these gravity wave parameters on models' vertical resolutions. The present 5 study demonstrates the dependence of gravity wave momentum flux (GWMF) in the 6 stratosphere and mesosphere on the model's vertical resolution, which is evaluated using an 7 AGCM with a horizontal resolution of about 0.56°. We performed a series of sensitivity test 8 simulations changing only the model's vertical resolution above a height of 8 km, and found a 9 global reduction of GWMF with increasing vertical resolution. Inertial gravity waves with 10 short vertical wavelengths simulated at higher vertical resolutions might play an important 11 role in determining GWMF in the summertime stratosphere. The sensitivity test simulation 12 also demonstrated the importance of model's vertical resolution on representing realistic 13 behaviors of gravity waves near their critical level. 14 15 3
Introduction 1
Due to recent advancements in high-performance computing, simulations of the global 2 atmosphere with sub-kilometer horizontal resolutions have been achieved, allowing 3 convective systems to be resolved (Miyamoto et al., 2013) . Considering the global 4 mesosphere and lower thermosphere frequently include components with horizontal 3 wavelengths in the order of 10 km, the present model did not cover the full range of GW 4 spectra. Note, however, that a series of studies has suggested that the model qualitatively 5
reproduces the seasonal and interannual variations of large-scale thermal and wind structures, 6 behaviors of explicitly resolved GWs and vertically fine structures of the extratropical 7 tropopause layer (Watanabe et and boundary layer processes, but these are not addressed in the present study.) The vertical 16 resolutions used in the KANTO project and the previous JAGUAR study were 300 and 500 m, 17
respectively. The main focus in this study was GW momentum flux at northern summer mid-18 latitudes, where the short-term variability of planetary-scale and synoptic-scale waves is 19 relatively small. This condition is important because it is preferable for GW source 20 distribution (e.g., diabatic heating and jet-front systems) in the troposphere to be similar in 21 each run, to a qualitative degree at the very least. 22
Due to the limited computational resources available for this study, we only performed a 23 short-term deterministic forecast-type experiment starting from virtually the same initial 24 condition as in the original (control) simulation. The original initial condition at 00:00 UT on 25
June 21 was taken from a run using dz = 500 m, which had been spun-up for several years and 26
well reproduced large-scale thermal and wind structures in the middle atmosphere. That initial 27 condition was vertically interpolated into the dz = 200 m, 300 m, 400 m, and 1000 m runs, 28 each of which was performed for the week of June 21-27. The time step was set to 30 s in 29 every run.spherical harmonics with a cut-off horizontal wavelength of about 950 km, i.e., wavelengths 1 shorter than 950 km were extracted . GW momentum flux is referred 2 to as GWMF hereafter for simplicity. This paper focuses on the net vertical flux of eastward 3 momentum associated with the GW components, because it is of primary importance in the 4 momentum budget in the middle atmosphere. 5
Both the chaotic behavior of the fluid system and the difference in the vertical resolution 6 resulted in different evolutions of the synoptic motions and GW distributions. However, as 7 will be shown later, the differences in the simulated GWMF in the middle atmosphere caused 8 by the vertical resolution were significant. Since the simulated GW field requires only a few 9 days for initial spin-up, i.e., to generate, propagate, and fill the stratosphere (Hamilton et al., that is, the larger GWMF in the coarser vertical resolution runs generally gives larger GW 7 forcing in the upper stratosphere and mesosphere, decelerating large-scale winds through 8 wave-mean flow interactions. 9
Effects of particular GW events 10
It is necessary to determine whether the present vertical resolution dependence of the GWMF 11 originates from particularly severe GW events. The upper panels of The lower panels of Figure 2 show the time evolution of the GWMF at the 30 hPa level, along 19 with contours of strong precipitation. Strong GW events with large positive GWMF (e.g., 20
100-160° E) are repeatedly observed in the east of strong precipitation regions (e.g., 100-120° 21 E), suggesting that the GWMF is likely associated with convectively generated high 22 frequency GWs, which can penetrate westerly winds in the tropospheric subtropical jet (see 23 the contours of the background zonal winds in the upper panels). Overall, it can be concluded 24 that the vertical resolution dependence of the GWMF shown in Figure 1 is not caused by any 25 particular GW events, but is likely caused by systematic differences related to GW behaviors. likely emitted by convective heating at around 140° E propagate upward and westward 8 against the tropospheric westerly jet. Qualitatively, these low-frequency GWs generated 9 within the sub-tropical jet reach their own critical levels near the zero-wind contours below a 10 50 hPa level, and do not directly affect the GWMF observed above the 30 hPa level. 
Orographic GWs in the winter hemisphere 25
We have mainly focused on the non-orographic GWs appearing in the northern summer mid-26 latitudes. Here we briefly investigate a case for orographic GWs in the southern winter mid-27 latitudes. Figure 4 shows a similar longitude-height GW distributions to The authors would like to thank two anonymous referees for providing helpful comments on 12 the original manuscript. This study was partly supported by a Grant-in-Aid for Scientific 13 Research (A) 25247075 and the SOUSEI Program, MEXT, Japan. The numerical simulations 14 in this study were performed using the Earth Simulator, and figures were drawn using 15 GTOOL and the GFD-DENNOU Library. 
